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Abstract 
High-brightness, high-current electron beams are the main requirement for fourth generation light sources such as free-electron 
lasers (FELs), energy recovery Linacs (ERLs) and high-energy linear colliders. The most successful device for producing such 
beams is the Radio-Frequency (RF) photoinjector that has been undergoing a constant evolution over the past nearly 30 years 
towards the production of ever-lower beam emittances and higher currents. The on-going progress in the technology of higher 
quality materials as well as the enhanced quality of laser pulse shaping have allowed huge improvements in the generation of 
higher-quality electron beams. Here, it is presented an overview of recent advancements and future perspectives of RF 
photoinjectors for a fifth generation light source. 
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1. Introduction 
After the first demonstration of photoemitted electrons inside a Radio-Frequency (RF) environment in 1985 [1], 
the RF gun has proved the possibility of attaining electron beams with properties that satisfy the requirements of 
photon sources and high-energy colliders. The ability to increase the electron brightness (number of electrons 
inside the 6D phase space) over the last almost three decades has led to the successful applications such as 
 
 
* Corresponding author. Tel.: +1-310-822-5845; fax: +1-310-582-1212. 
E-mail address: faillace@radiabeam.com 
© 2014 Elsevier B.V. 
Peer-review under responsibility of the scientific committee of HBEB 2013 
Open access under CC BY-NC-ND license. 
Open access under CC BY-NC-ND license. 
 Luigi Faillace /  Physics Procedia  52 ( 2014 )  100 – 109 101
advanced accelerators [2,3,4], linear colliders [5,6], X-ray free-electron lasers (FELs) [7], energy recovery Linacs 
(ERLs) [8] and inverse Compton scattering (ICS) [9] for research, medicine, and homeland security [10]. 
The inversThe emittance, is also the common reference parameter for the electron beam quality (the smaller, the 
better). As such, we will briefly go thorough the status of RF Guns, even if it is not possible to cover all the ones 
present around the world. Finally, beam emittance values will be compared to give a useful overview of recent 
advancements. 
1.1. Why brighter electron beams? 
Over the last few years, unprecedented peak brightness levels 
have been achieved in Self-Amplified Stimulated-Emission (SASE) 
Free-Electron Lasers (FELs): FLASH and LCLS as depicted in 
Figure 1 [11, 12]. The crucial component for both of the two 
SASE FEL-based X-ray sources, FLASH with 4.2 nm (soft X-rays) 
and peak brightness of 1031 photons/ s/ mm2/ mrad2/ 
0.1%bandwidth and LCLS, 1.5 Å (hard X-rays) and peak brightness 
of 20*1032 photons/ s/ mm2/ mrad2/ 0.1%bandwidth) [13, 14], was 
undoubtedly the high-brightness electron source, i.e. the RF gun. 
The transverse normalized beam brightness is defined as  
   
 (1) 
 
 
where I is the bunch peak current and n is the bunch transverse 
normalized emittance. 
The strong requirement for the emittance in order to 
allow an FEL to operate at a certain wavelength is given by 
the following inequality: 
 
(2) 
   
being  the beam energy and  the desired emission wavelength. 
Current 4th generation light sources, like FLAH and LCLS, greatly rely on beam quality unlike previous 
generations, since they are high-gain single-pass free electron lasers. Although it is possible to operate in principle 
at any given emittance, the use of high-brightness beams will reduce the cost of the undulator (gain length Lg  
Bn-1/3) and the number of Linac sections used for the energy gain. 
1.2. Why Radio-Frequency RF Photo-injectors? 
RF guns are able to provide very high currents and low emittances, that is high brightness. The phenomenon by 
which the electron beam is generated inside an RF photinjector is known as photoemission. The electrons are 
extracted out of the material upon absorption of photons with energy greater than the work function work. 
Very high electron density can be achieved by photoemission by using metals (beyond 100 kA/cm2), 
semiconductors and coated metal cathodes (4 MA/cm2  has been measured for a Mg-coated copper cathode at 
BNL[15]). 
Beam transverse and longitudinal characteristics can be manipulated by properly shaping the laser pulse. 
The electrons are extracted out of the material upon absorption of photons with energy greater than the work 
function and are characterized by a quantity known as instrinsic or thermal emittance th (a measure of the spread, 
with respect to the design values, of particle coordinates in phase-space (positions and momenta). The thermal 
emittance is inverse proportional to the electric field at the cathode Ec and it is possible to keep it constant through 
B ,n 
2I
 x,n y,n
n

 
4
Figure 1: Peak Brightness achieved by facilities worldwide [2]. 
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the whole system until the undulators. It is then obvious that in order to increase the electron brightness, the beam 
emittance has to be minimized and therefore the choice to operate the photoinjector guns at as high a field as 
possible at the emission area (th  Ec-1/2). Also, the option for an emittance exchange scheme will allow to achieve 
emittances, in one plane, of the order of a few nanometers. It has been found that for high gain FELs driven by a 
flat beam, the gain length increases with emittance ratio when the total transverse emittance is kept constant [16]. 
High fields are then necessary to preserve initial beam brightness (possible inside RF structures because able to 
withstand breakdowns better than DC ones).  
2. LCLS Phoinjector 
In 2007, the SLAC group carried out the conditioning of 
the RF gun for the Linear Light Source (LCLS) [17]. In mid-
April 2009 [18], LCLS produced the first FEL light and 
saturation at a wavelength of 1.5 Å with a 3.3-m gain length 
and up to 1.1 mJ in the x-ray pulse (0.8×1012 photons/pulse). 
Currently, the LCLS gun runs at 120 Hz with a QE of 
1.2*10-4, acceptable for the users, with a normalized 
emittance of about 0.3 \m for a 150 pC bunch charge. 
Nevertheless, improved laser cleaning and modified laser 
profile (Gaussian-cut shape) were performed to avoid 
decrease of the QE at high repetition rate and improve 
emittance. 
Laser-based cleaning was applied to two separate areas of 
the current LCLS photocathode in July 2011 [19]. The QE, 
initially 5*10-6, was increased by 8-10 times upon 
the laser cleaning. Since the cleaning, routine 
operation has exhibited a slow evolution of QE 
improvement and comparatively rapid 
improvement of transverse emittance, with a QE 
enhancement over five months of a factor of 3, and 
a significant emittance improvement over the 
initial 2-3 weeks following the cleaning. The 
evolution of the emittance measurements at LCLS 
after laser cleaning, in July 4 2011, is shown in 
Figure 10. 
 
 
 
 
 
3. New RF gun for the Sincrotrone Trieste: the Fermi II Gun 
Radiabeam Technologies was involved in the development of the new normal conducting RF electron gun 
system, termed the “FERMI II Gun”, for the Sincrotrone Trieste (ST) facility operating at the frequency of 
2.99801GHz and a repetition rate of 50 Hz and above [20]. 
Figure 2: LCLS gun 
Figure 3: Evolution of emittance measurements at LCLS after laser
cleaning in July 4 2011. 
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The gun design was originally based on the UCLA-University of Roma-INFN-LNF [21] high repetition rate 
photoinjector for the SPARX project, which borrowed the innovative features of the LCLS gun (22, 23). 
Nevertheless, the basic design was re-optimized by request of ST with two main changes: 
Exchangeable cathode plate: possibility of replacing only the cathode plate in order to try different material, 
different polishing techniques, etc. without having to replace the whole cooling assembly behind it. 
Single-feed: a more compact assembly still featuring erased dipole field component by using identical geometry 
for the two coupling slots. A section view of the Fermi II gun rendering along with a simulation internal model are 
given in Figure 2. 
 
 
The RF design of the Gun has been performed by using the codes SuperFish [24] and HFSS [25]. It is a 1.6 cell 
gun operating at 2.998 GHz in the -mode. The RF power is fed through one waveguide only (top one); the 
symmetrical waveguide, acting as a dummy waveguide, forbids the propagation of the electromagnetic field that is 
below its cutoff value (i.e. the dummy waveguide has a width much smaller than the input one). The main purpose 
of the second waveguide is to cancel the field dipole component. A single power feed assembly results in a simpler 
system and a more compact device than the dual-feed one. It also avoids the phase shift between the two input 
waves in the case of dual feed. The full cell features a race-track geometry in order to minimize the field 
quadrupole component and Z-coupling with fat-lip coupling slot to reduce the surface magnetic field, source of 
temperature rise (RF pulsed heating) [26] enhanced cell-to-cell coupling to produce higher mode separation, 
elliptical irises to reduce surface electric field, symmetric couplers for dipole mode minimization, racetrack 
geometry to minimize quadrupole field components. Aggressive cooling for 50 Hz and above operation, it is 
externally fed only by one side, avoiding the need of a power splitter and making the whole assembly much more 
compact, easier to handle and cost efficient. In order to calculate the maximum surface electric field, we normalize 
the on-axis field to 120 MV/m at the cathode. 
3.1. Installation And High-Power RF Conditioning 
 
 
 
 
 
Parameter Simulated value 
	-mode frequency 2.998 GHz 
0-	 mode separation 14.2 MHz 
Quality factor Q0 13,750 
External coupling  1.8 
Shunt Impedance RShunt 60.8 M/m 
Peak Surface E 
(120 MV/m @cathode) 
102 MV/m 
Input power P <10 MW 
Figure 5: a) Fermi II Gun, after final brazing; b) installation of the Fermi II Gun inside the FermiTunnel at Sincrotrone Trieste. 
a)
b)
Figure 4: a) side view of the Fermi II Gun model; b) electric field distribution on mid-plane, from HFSS. 
a) b)
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The final brazing and tuning of Fermi II Gun, shown in Figure 3, was performed in December 2012 and 
installation started in Trieste on January 4th 2013. The gun was brought under vacuum in a test area to check if any 
leaks were present as well as the frequency shift that resulted to be about 800 kHz, as expected. A dedicated area 
for high-power gun testing is located behind the current RF gun station. The Fermi II gun was installed in this area 
to start high-power conditioning. The power signals (forward, reflected and probe), read from an oscilloscope, are 
plotted in  
Figure 6. 
 
 
 
Figure 6: a) Power forms of the RF signals; b) Power and vacuum monitoring during RF conditioning.  
The input power was raised up to 11MW and a repetition rate of 50Hz. The conditioning between 10Hz and 
50Hz, given in the chart in Figure 6, led to a temperature variation of only 2°C. The vacuum base level was 2.4 
10-9 mbars. Preliminary quantum efficiency (QE) and transverse normalized emittance measurements for a 500pC 
beam, see Figure 5, show promising results: QE3.3E-5 and x,n=0.67\m. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4. The “Super Gun” for the GALAXIE FEL 
A consortium consisting of the UCLA Particle Beam Physics Laboratory (PBPL), SLAC, Penn State, BNL, and 
RadiaBeam has presented a comprehensive project termed GALAXIE (GV-per-meter AcceLerator And X-ray-
source Integrated Experiment), a program to develop an all-optical table-top X-ray FEL based on dielectric 
acceleration and electromagnetic undulators, yielding a compact source of coherent X-rays for medical and related 
applications. The compactness of this source demands that high field (>GV/m) acceleration and undulation-
inducing fields to be employed. There are numerous physics and technical hurdles to surmount in this ambitious 
scenario, and the integrated solutions include: a bi-harmonic photonic TW structure, 200 micron wavelength 
Figure 7: a) QE measurement; b) emittance measurement. 
a)
b)a)
 Luigi Faillace /  Physics Procedia  52 ( 2014 )  100 – 109 105
electromagnetic undulators, 5 \m laser development, ultra-high brightness magnetized/asymmetric emittance 
electron beam generation (termed the “Super Gun”), and SASE FEL operation [27]. The very high beam brightness 
required is B1016 A/(m-rad)2 requires the Super Gun to a very high field at the cathode of 160 MV/m and higher, 
that is 30% higher than the state-of-the art for multi-cell guns. Preliminary RF simulations have been carried out 
with HFSS, as shown in Figure 6, and the engineering is in-progress. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Two coupling options are under analysis, coaxial (e.g. Pitz-like) and mode-launcher (e.g. SLAC). Both of these 
types of couplers, in a single feed configuration, will keep the gun axisymmetric, therefore the elimination of high-
order mode field components and elliptical irises will be used to decrease the surface electric field. The plan for 
attaining a very higher electric field at the cathode (160 MV/m and beyond) is to use a 1\m RF pulse length [28] 
and high -coupling factor to decrease the structure filling time. Multipacting is being studied and different 
materials, with very low secondary electron yield, are being considered [29] in order to alleviate it. As for 
breakdowns, we will follow the experienced surface handling procedure we used previous high-gradient 
accelerating structure, i.e. the Fermi II Gun and the HGS [30]. 
5. The PITZ Gun 
The PITZ Gun is the electron source for the FLASH FEL and the 
future European X-FEL, in Germany. The RF gun is an L-band (1.3 
GHz) normal conducting (copper) standing-wave 1½-cell cavity. 
The peak RF power is 7MW (Ez at cathode: > 60MV/m) with an 850 
μs RF pulse length and a repetition rate of 10 Hz 9duty cycle ~ 1%). 
A dry ice cleaning procedure was performed and the measured dark 
current was lower than 50 μA at max power 
 
 
 
 
 
 
 
At PITZ the projected emittance is measured with a single 
slit scan technique. The advantage of long pulse train 
operation is used to maintain a high signal/noise ratio also for 
low bunch charges. 
A conservative approach of calculating a real RMS 
emittance is applied which takes into account even the tails of 
Figure 8: a) 3D surface model of a coaxially coupled-version of the Super Gun ; b) distribution of the accelerating electric field. 
Figure 9: 3D model of the PITZ gun. 
Figure 10: Emittance measurements with the PITZ gun. 
b)a)
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the beam distribution. Therefore they call the emittance numbers “100% RMS emittance” ( raw data = no signal 
cut or any fit performed) and still the results obtained are extremely good. 
 
6. APEX 
The Advanced Photo-Injector Experiment, APEX, will produce 1MHz electron beams for the Next Generation 
Light Source (NGLS) at Lawrence Berkeley National Lab. The goal is to achieve unprecedented values of average 
brightness. 
 
 
The 1st photo-emitted beam 
from a “dummy” moly cathode: 
10 nA (10 fC @ 1 MHz) was 
measured in March 2013. 
Nominal operation energy 
achieved. 
 
 
 
 
 
 
 
 
7. The PSI Gun 
A new RF gun, as shown in Figure 12, has been recently test at the 
Paul Sherrer Institute (PSI) for the Swiss X-FEL. This gun allows to 
reduce by ~34% the slice emittance, reported in with respect to the 
previous CTF3 gun. Main features, similar to Fermi II and LCLS gun, 
include: 
• Elliptical iris – minimize surface fields 
• Large iris thickness – mode separation 
• Dual feed – field symmetry 
• Racetrack shape – suppression quads components 
•  Pick up – 1 for each cell 
In the tables below, we report the PSI gun RF parameters and the 
emittance measurements results. 
 
 
f
0
 2997.9 MHz (2998.8 MHz) 
Q
0
 13570 
f ~16 MHz 
Rep. Rate < 400 Hz 
Field @ cathode 100 MV/m @ 20 MW 
Q (pC) Projected  (mm.mrad) 
10 0.090 
50 0.16 
100 0.21 
200 0.25 
Table 1: APEX gun parameters 
Figure 11: 2D model view of the APEX gun 
Figure 12: 2.6-cell PSI Photo-Gun. 
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8. A0PI: ellipsoidal-bunch generation from Cs2Te  
More than in low-emittance beams, the interest at FermiLab is focused in ellipsoidal bunches, with linear space-
charge field, generated by a short-pulse laser (110 fs rms). The 
illuminate cathode is made out of Cs2Te and three novelties have 
been achieved compared with other Labs interested in the same 
type of electron regime [31]: 
• L-band gun (35 MV/m) 
• Semiconductor cathode 
• 20x higher charge than in previous experiments 
 
 
 
 
 
 
 
 
 
9. Pegasus Lab - UCLA 
At Pegaus Lab (UCLA), they are investigating ultra-low charge beams and nm-emittance measurements in the 
blow-out regime [32]. Such a regime is based on pancake aspect ratio at cathode followed by longitudinal space 
charge dominated expansion. Nearly ideal uniformly filled ellipsoidal distribution can also be obtained from an 
initial cigar aspect ratio and transverse space charge expansion (Shape temporal profile of laser pulse; Obtain sub-
50 nm transverse emittance). Experimental tests using <30 um laser spot on cathode. Beam is round and well-
behaved, Low charge (0.1-1 pC). 
 
 
 
 
 
 
 
 
 
Another line of research has been the exploration of surface plasmon assisted photoemission from 
nanostructured cathodes. First tests showed a charge yield increase of more than two order of magnitude from the 
nanopatterned surface when compared with the flat case 
 
 
 
 
 
 
Figure 13: Beam propagation from the cathode and along 
the booster. 
Figure 14: a) GPT simulations of cigar beam dynamics in RF photo-injector; b) Measured normalized emittance of beams by using UV laser. 
Figure 15: a) nanohole array obtained by Focused Ion Beam Technique; b) QE map and Charge yeld. 
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10. Sparc 
The new SPARC RF GUN, shown in Figure 16, is a 1.6 cell 
gun and, with respect to the installed BNL/SLAC/UCLA type 
gun, has the following improvements: the structure has been 
realized without brazing but using special gaskets in order to:  
• simplify the fabrication 
• reduce the cost 
• higher accelerating field with lower BDR (because of the hard 
copper not brazed). 
The gun has been realized and it is now under low power 
testing. High power test will be done after low power test. 
 
11. Gun at SLAC 
At SLAC, a new X-band gun, the Mark-1 (see Figure 17), 
was conditioned at high-power (20MW) in the tunnel of the Next Linear 
Collider Test Area (NLCTA). 
The output e-beam has an energy of E~ 7.5MeV (Ez at cathode~ 
200MV/m) with an acceptable value of dark current. After a 1.5m Linac, the 
energy beam is 70 MeV. The beam charge was increased up to 40pC with a 
QE in the 1e-5 range. The bunch length measured for a 20pC beam was ~ 250 
fs rms with. The rms beam energy spread is 15 keV, at 70 MeV and 15 pC, 
and the normalized transverse emittances < 3 mm-mrad (but very preliminary 
optimization). 
 
 
 
 
4. Summary and Conclusions 
After a brief but detailed discussion in previous chapter on the status of some of the RF Guns in use worldwide, 
we show here a plot (Figure 18) collecting all the corresponding operational emittance values (in semi-log scale 
for a comprehensive view). 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 17: the Mark-1, X-Band Gun at NLCTA, 
SLAC. 
Figure 18: Status of measured emittances values using RF photoinjectors. 
Figure 16: New brazing joints-free SPARC RF Gun. 
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Most research labs are currently operating at low-charge (<300 pC) with unprecedented emittances below 0.3 
mm-mrad (e.g. SLAC 0.25 \m with 150 pC) as well as high repetition rate (up to 400 Hz at PSI). Ultra-low charge 
operation (<1pC) is on-going at Pegasus Lab where emittances of a few tens of nanometers have been measured. 
In conclusion, the Radio-Frequency (RF) Gun is by far the most efficient device for high brightness injectors. 
Ulterior efforts are being still under investigation in order to improve the RF gun performance, like the analysis of 
new materials, material technology (e.g. Free Form Fabrication [33]), surface handling, laser shaping, etc. 
Nevertheless, the ultra-low charge regime (1 pC  higher Bn ~ Q-2/3, Q-4/3 and Q-8/3 [34]) can represent the main 
step to go towards a 5th
 
generation light source.  
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